Although invasive methods, including PCR, cytogenetics and analysis of sex chromatin using Y-specific DNA probes (e.g. Sry gene), have been used for sex determination \[[@r4], [@r9]\], they require relatively advanced technical skills (e.g. breaching the zona pellucida to biopsy an embryo). Therefore, there is a clear need to develop a simpler method to identify male and female embryos without compromising accuracy.

Serologically detectable male (SDM) antigen (also called H-Y, the Y-linked histocompatibility antigen) is a cell-surface glycoprotein complex in males \[[@r10], [@r14]\] that is expressed on embryos with more than eight cells \[[@r6], [@r10]\]. Detection of embryo SDM antigen by immunofluorescence and developmental arrest with SDM antibody have been used to determine embryonic sex in various mammals. However, poor affinity and male specificity of conventional antibodies limited their utility for embryo sexing \[[@r11], [@r14]\].

In previous studies \[[@r12], [@r13]\], a second SDM phage antibody library was constructed, and a high-affinity phage antibody clone B9 was isolated using affinity maturation by light- and heavy-chain shuffling of an original phage antibody clone A8 derived from B cells of mice immunized with male spleen cells. Using a cell-based ELISA, the B9 clone was positively selected by male splenocytes, whereas female splenocytes were negatively selected \[[@r13]\]. Furthermore, B9 had higher affinity than both the original A8 clone and conventional antibodies (SDM serum) \[[@r13]\]. The objective of the present study was to evaluate the presence of SDM antigen on murine embryos and sex murine embryos by an indirect immunofluorescence assay induced by B9-Fab. This phage antibody library was expected to provide new markers to investigate molecular mechanisms of SDM as a male-specific antigen for potential use in sex sorting of embryos in assisted reproduction.

The B9-Fab was prepared as reported \[[@r13]\]. The recombinant pb3-κ-Fd (light-and heavy-chain genes ligated into plasmid pComb3 vector) and DNA samples of B9 clone were transformed to *E. coli* XL1-Blue strain. Thereafter, expression of B9-Fab was induced by addition of IPTG (final concentration, 1.0 mmol/*l*), and B9-Fab soluble proteins were separated by centrifugation (10,000 × g for 15 min at 4°C). The quality of soluble Fab proteins in supernatant was assessed by non-reducing SDS-PAGE, followed by Coomassie Brilliant Blue staining, and was confirmed using horseradish peroxidase (HRP)-conjugated goat anti-mouse Fab (1:4,000, Pierce, Rockford, IL, U.S.A.) by western blot analysis, as described \[[@r13]\]. The end product B9 clone was selected for further analysis.

Morulae and blastocyst-stage embryos were recovered from superovulated Kunming female mice aged 8--10 weeks (SLAC Laboratory Animal Co., Ltd., Changsha, China), as described \[[@r2]\]. Maintenance of mouse colonies and all experimental procedures were approved by the Animal Welfare and Ethics Committee of Hunan Agricultural University. Thereafter, 5 to 8 murine embryos were placed in droplets (30 *µl*) containing B9-Fab (\~8.5 *µ*g/m*l*) diluted 1/3 (v/v) with RPMI 1640 medium (Sigma Chemical Co., St. Louis, MO, U.S.A.) and incubated at 37°C for 30 min. Embryos in control groups were incubated in droplets only with PBS. Embryos were washed three times with PBS and then placed in 30*µl* droplets containing FITC-conjugated goat anti-mouse κ chain (Southern Biotech, Birmingham, AL, U.S.A.) diluted 1/9 (v/v) with RPMI 1640 medium for signal detection. As a control for the background, only secondary antibodies were added, followed by three additional washes with PBS, and detection of fluorescence. When several cells of either the trophectoderm (TE) and/or the inner cell mass (ICM) displayed bright fluorescence, the embryo was deemed SDM positive (male), whereas if no cell-specific fluorescence was seen, the embryos were deemed SDM negative (female). A Chi-square test was used to determine any difference from an expected 1:1 sex ratio.

After fluorescence evaluation, the sex of each embryo was confirmed by multiplex PCR amplification of a murine male-specific sequence (Sry) and concurrent amplification of a non sex-specific Il3 gene (as a positive control). Each embryo was placed in 2 *µl* of lysis buffer (20 mM Tris-HCl, pH 8; 0.9% Tween-20; 0.9% Nonidet P-40; 0.4 mg/m*l* proteinase K) and heated (three cycles of 95°C for 8 min and 60°C for 2 min). Embryonic DNA in PCR tubes was used as a template; sequences corresponding to the Sry gene and IL3 gene were amplified in two-round PCR reactions (under the same conditions), using two sets of nested outer primer (First round PCR) and inner primer pairs (Second round PCR) as described by Zwingman *et al.*\[[@r15]\] and Lambert *et al.*\[[@r7]\], respectively. An initial step at 94°C for 5 min, 30 cycles of denaturation at 94°C for 30 sec, annealing at 58°C for 30 sec and synthesis at 72°C for 30 sec. In addition, an extension time (10 min) was added after amplifications. Purified male and female murine liver DNAs (positive and negative controls, respectively) and distilled water (blank control) were included.

The membrane and inner cell mass of morulae and blastocysts (presumptive males) had bright green fluorescence ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Immunofluorescent detection of SDM antigen on murine embryos by B9-Fab. Fluorescence and optical images of 8-cell embryos (A and B), morulae (D and E) and expanded blastocysts (G and H) after being detected with an indirect immunofluorescence assay induced by B9-Fab (classified as males). Also, note the optical image of an 8-cell embryo (C), morula (F) and expanded blastocyst (I) before treatment with B9-Fab. Fluorescence and optical images of morulae (J and K), and early blastocysts (M and N) after being detected in an indirect immunofluorescence assay induced by B9-Fab (classified as females). Optical images of a morula (L) and an early blastocyst (O) before treatment with B9-Fab.); these embryos had unequal distribution of fluorescence, with strong fluorescence over large areas, consistent with high SDM antigen density. In contrast, for presumptive female embryos, embryonic cells had either no fluorescence or a relatively weak green fluorescence, and the zona pellucida had a fluorescent ring (weak green).

A total of 138 morula- and blastocyst-stage embryos were evaluated to detect expression of SDM antigen. Overall, 43.5% (60/138) were classified as fluorescent (presumptive males) and 56.5% (78/138) as non-fluorescent (presumptive females; [Table 1](#tbl_001){ref-type="table"}Table 1.Detection of SDM antigen on murine morulae and blastocysts with B9-FabPresumptive sexNo. (%) embryos\
at various stagesNo. (%) embryos sexed by PCRMaleFemaleMale (SDM positive)Morula33♂28 (84.8)5 (15.2)Blastocyst27♂23 (85.2)4 (14.8)Total60 (43.5)^a)^51 (85.0)9 (15.0)Female (SDM negative)Morula41♀5 (12.2)36 (87.8)Blastocyst37♀4 (10.8)33 (89.2)Total78 (56.5)^a)^9 (11.5)69 (88.5)Total1386078a) Proportions of fluorescent and non-fluorescent embryos were not different from a 1:1 ratio (*P*\>0.05); genetic sex was confirmed by PCR.). Furthermore, based on PCR analysis, 51 (85.0%) of presumed male embryos were males, whereas 69 (88.5%) of presumed female embryos were females ([Table 1](#tbl_001){ref-type="table"}).

The overlap image of morula and unfertilized eggs was detected in an indirect immunofluorescence assay induced by B9-Fab; morulae classified as fluorescent were considered male (confirmed by PCR analysis), whereas unfertilized eggs were non-fluorescent.

Non-invasive immunological approaches for sexing embryos, based on either detection of SDM antigen on the cell surface of a male embryo or on temporary developmental arrest of male embryos induced by SDM sera, have considerable appeal \[[@r5], [@r8]\]. Anti-SDM antibodies are usually obtained from female laboratory animals (e.g. mice and rabbits) that were immunized with syngenic male splenocytes or other male cells \[[@r14]\]. However, the low affinity of most conventional SDM antibodies limit their utility for embryo sexing \[[@r14]\]. The accuracy of determining sex of early embryos by detection of SDM antigens using indirect immunofluorescence assays or induction of developmental arrest of H-Y antibody was approximately 80% \[[@r5]\]. Furthermore, using induction of developmental arrest by high-titer SDM antisera, 80% (8/10) and 82% (9/11) of bovine embryos were classified as males or females, respectively \[[@r8]\]. It was noteworthy that the male: female ratio of *in vitro*-produced bovine embryos beyond the 8-cell stage did not significantly differ from 1:1 \[[@r5]\] in a cytotoxicity assay using rat monoclonal H-Y antibodies (expected to cross-react with H-Y antigens).

Genes encoding variable domains of phage antibody fragments could be engineered *in vitro*, utilizing the same mechanisms as those of endogenously produced antibodies, although not constrained by tolerance mechanisms *in vivo* or by the molecular nature of the antigen, all of which should improve binding affinity. In the present study, the affinity and specificity of the B9-Fabs for SDM antigens were engineered by chain shuffling and a guided selection technique, and mouse embryos were subjected to an indirect immunofluorescence assay. Furthermore, in our study, embryos were clearly designated as male or female, due to high-quality fluorescing images. The accuracy of sex determination was consistent with previous investigations \[[@r10]\]. The proportions of fluorescent and non-fluorescent embryos were not significantly different from a 1:1 ratio (*P*\>0.05), consistent with the naturally-occurring ratio of male:female embryos. Moreover, once the B9-Fab was removed from embryos using a non-destructive buffer as described \[[@r5]\], there were no apparent effects on subsequent *in vitro* development (data not shown). Therefore, B9-Fab antibody fragments have considerable potential for embryo sexing.

The accuracy of sexing murine embryos using B9-Fab was 85.0% for males and 88.5% for females, which was comparable to previous reports of accuracy being 84% for cattle embryos, 85% for goat embryos and 81% pigs embryos sexed using conventional SDM monoclonal and polyclonal antibodies prepared using male tissue or cells \[[@r1], [@r3]\]. Furthermore, there were no significant differences in the accuracy of sexing morulae (84.8% for males and 87.8% for females) versus blastocyst embryos (85.2% for males and 89.2% for females) with B9-Fab, which suggested that the immunological assay of SDM antigen was not affected by the stage of embryo development.

It was noteworthy that B9-Fab had roughly a 15% rate of misdiagnosis for both male and female embryos. Because embryo cells have complex surface components, with various membrane proteins being exposed, we concluded that minor interactions (fluorescence-positive) between non-SDM surface antigens of embryo cells or common components on the cell surface of both sexes, and B9-Fab were observable, which presumably contributed to misdiagnosis in sexing embryos. Lower-quality murine embryos with fluorescence unrelated to presence of SDM antigen might also cause misdiagnosis. However, unlike conventional antibodies against the SDM antigen, SDM B9 Fab fragments could be engineered genetically to enhance specificity and/or binding activity. In that regard, the amino acid sequence in the high and light chains of B9 Fab could been modified (mutagenesis strategy or combining a bright fluorescent protein with B9 Fab) to improve accuracy. Therefore, although the assay was reasonably accurate, targeted modifications and the effects of those molecular changes on the accuracy of this approach for sexing embryos should be explored in future studies.

In conclusion, the present study confirmed previous reports of the efficiency of sexing early embryos using an antibody against SDM antigen. Notwithstanding, this was apparently the first report of sexing of murine embryos by an indirect immunofluorescence assay induced by novel phage antibody, highlighting potential application of SDM antibodies in assisted reproduction technology.
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